We introduce a simple, resist-free dry etch mask for producing patterns in diamond, both bulk and thin deposited films. Direct gallium ion beam exposure of the native diamond surface to doses as low as 10 16 cm -2 forms a top surface hard mask resistant to both oxygen plasma chemical dry etching and, unexpectedly, argon plasma physical dry etching. Gallium implant hard masks of nominal 50 nm thickness demonstrate oxygen plasma etch resistance to over 450 nm depth, or 9:1 selectivity. The process offers significant advantages over direct ion 
Introduction
Diamond nanostructures have been produced that exploit some of the material's superlative properties including, for example, its high mechanical rigidity and strength for MEMS [1, 2] and nanoimprint templates [3] [4] [5] , its high thermal conductivity for optoelectronic thermal management systems [6, 7] and power electronics [8] , and its chemical inertness for electrochemical [9] and biocompatible devices [10, 11] . Patterning of these structures can be achieved by well-established resist mask-and-etch techniques or subtractive ion beam milling. In this letter we introduce a new, robust mask for efficient patterning of diamond. A low dose exposure of the native surface by an energetic gallium ion beam forms a barrier of high selectivity to subsequent plasma etching. At low aspect ratio we demonstrate dense 25 nm line features, while at intermediate (1:1) aspect ratio, 400 nm features are demonstrated with sharp corners and smooth sidewalls.
The diamond hard masking effect is related to ion top surface imaging, a recently demonstrated nanoscale patterning technique for silicon where direct exposure to an ion beam modifies an "imaging" layer at the sample surface. For silicon, the imaging layer can be formed at a specialized, ultrathin resist layer or, simply, at the native surface itself. In the former case the imaging layer is used to process an intermediate conventional thick resist etch barrier [12] , while in the latter, a high performance barrier is formed for certain deep reactive ion etch conditions [13] . Our diamond hard mask is a resist-free top surface image, which functions against both reactive (oxygen) and purely physical (argon) plasma etch conditions. It offers significant advantages over direct ion milling of diamond including increased throughput and potentially better resolution and sidewall angle control due to separation of patterning and material removal steps. Limitations of resist-based processing of diamond, including planar substrate requirements and overall process complexity, are further ameliorated by the direct write, direct masking approach.
Experimental

Fig. 1.
To illustrate the technique, panels A and B of Fig. 1(A and B) show the two steps involved in the formation of a truncated conical flat punch diamond nanostructure in boron doped (10 21 . Then, in step 2, the sample was transferred to a dry etch tool and the surface exposed to an energetic plasma. This reveals the latent image of the FIB exposure by selective removal of diamond material below unexposed (unmasked) regions.
The plateau of the structure is a flat circular surface 400 nm in diameter created by a radial FIB exposure to form the hard mask. Feature relief of 450 nm was achieved by etching the sample for 35 minutes using a Diener "Pico" plasma etcher in pure O 2 atmosphere at 150 mTorr pressure operating at 40 kHz, 160 W power. Note the smooth etch walls, sharp corners, and lack of mask undercut in the etched structure. High resolution line features of 25 nm at 65 nm pitch are demonstrated in Fig. 1C . We have applied the technique to diamondon-silicon thin films (Fig. 1D ), as well as over large areas (1 mm) on natural gemstones as shown in Fig. 1E .
Results and Discussion
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Unlike standard FIB processing, the production of vertical relief here is independent of the total area and complexity of patterns. We have achieved etching rates of the masked diamond of up to several 100 nm per minute, thus the throughput of this simple two-step, low ion dose process should be comparable to standard electron beam lithography processing of resists, which is limited by patterning time.
To characterize the masking process, we have analysed a cross section of a patterned structure by scanning transmission electron microscope (STEM) imaging using a high annular angle dark field (HAADF) signal, selected area electron diffraction (SAED), and energy dispersive X-ray (EDX) spectral analysis. Cross sectional STEM samples were prepared using a FIB- The grassy pillars are an artifact of the etching process arising from impurity micromasking , and can be controlled and/or eliminated by appropriate choice of etching gas mixtures [14] .
EDX spectra in Fig. 2C show FIB-exposed diamond rich in Ga (light blue solid spectrum), and the unexposed surface regions (dark blue line spectrum) absent in Ga. For STEM/HAADF images of Fig We propose that the ~50 nm a-C+Ga layer containing a threshold concentration of gallium forms the plasma etch mask. The thickness of most of the mask layer appears unchanged to within the ~2 nm resolution of the images in Fig. 2 . Thus, the 200 nm etch in Fig. 2B suggests a relative oxygen plasma etch rate of diamond to a-C+Ga mask of at least 100:1.
There does appear to be a slight etching of the mask at its periphery; The more pronounced thinning on the left may explain the extra sidewall taper on this side of the structure.
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Fig. 3.
The gallium implanted diamond mask is effective across a wide variety of processing conditions. We have also demonstrated the process on three types of plasma etch tools, using gas mixtures ranging from pure O 2 , to O 2 /CF 4 and O 2 /SF 6 mixtures, to pure Ar. In all cases, we can form structures with features similar to those already presented here using an oxygen plasma etch.
In Fig. 3 argon etching is constrasted with oxygen etching. Both images share the similar feature relief from the implant mask areas and grassy roughness structures in the nonimplanted (ie. etched) areas. This similarity suggests that 1) the masking mechanism is similar for etches using both plasmas, and 2) the mask is effective against physical sputtering, the only etching mechanism possible in the chemically inert Ar plasma. With a higher surface binding energy (SBE) of 7.4eV, diamond should have a significantly lower sputtering etch rate than any of the components which could be expected to be present in the mask such as Ga (SBE = 2.82eV), Ga 2 O 3 (SBE for O = 2.00) or amorphous carbon (SBE = 2.00) [16] . This physical selectivity contrasts with the chemical selectivity thought to be responsible for the masking of gallium implanted silicon surfaces, where a relatively pure 5-10 nm top surface layer of Ga 2 O 3 has been shown by TOF-SIMS to form during reactive ion etching in oxygen plasma [17] . We suspect that a conversion of sp3 to sp2 bond hyrbridization to be playing a role in the etch contrast, however further investigation is required to confirm this hypothesis.
For very thin substrates or where gallium contamination is an issue for functionality of patterned structures, we have demonstrated the process using a lower FIB accelerating voltage of 10kV. Lower accelerating voltage exposures will reduce the Ga + penetration into the diamond leading to a thinner a-C + Ga layer. Stripping of the mask may be required for some applications. In some cases, this can be achieved by an appropriate Ga implant dose and
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procedure has yet to be developed.
Diamond is traditionally used in nanoindentation testing because of its extremely high mechanical strength and stiffness, and low surface energy (giving low adhesion, friction and chemical reactivity). We have used our masking technique to produce novel diamond nanoindentation dies for direct imprint patterning of hard materials at room temperature. For broader nanoimprint manufacturing applications [18] , diamond provides superior overall mechanical robustness to industry standard quartz or silicon dies, and may yield lower fouling rates due to adhesive transfer. These are critical factors reducing die imprint cycle lifetimes which currently impede the adaption of nanoimprint as an economically viable fabrication technique.
In GPa. Indentation load vs. displacement mechanics were measured by a nanoindenter (E).
